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The activity of halogen-free carboxylic acid flux is considered one of the most 
important aspects in controlling flip chip joint quality recently. In this work, we 
examined the CuOx removal effectiveness of carboxylic acid solutions at Cu substrates 
using electrochemical methods at elevated temperatures from 100ºC to 180ºC.  Reaction 
kinetics of CuOx removal were investigated by chronopotentiometry and gravimetric 
analysis. FTIR was used to study the surface chemistry, and spectrophotometry was used 
to understand reactant and product solubility. Kinetics of carboxylic acid solution such as 
adipic acid or maleic acid in polyethylene glycol (PEG) with and without complexing 
agents such as ethanolamine was investigated. Carboxylic acid-based solutions with 
ethanolamine show oxide removal rates similar to hydrochloric acid solutions at 
temperatures above 140ºC.  Results indicate the combination of proton-donating 
complexing agents with carboxylic acids can increase oxide removal rates an order of 
magnitude over solutions without complexing agents.   
Sn (II) and Sn (IV) voltammetry shows Sn2+ and Sn4+ can form Sn-carboxylate 
complex and dissolve into the solution. XPS results indicate under high temperature (180 
ºC) and relatively low pH (~2.50), carboxylic acid can clean the surface of Sn as well as 
halide acid. Equilibrium coefficients between the complexes are obtained and potential-
pH diagrams for adipic acid and maleic acid in PEG are presented. 
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CHAPTER 1 INTRODUCTION 
Introduction 
Flip chip technology has become progressively important for electronic packaging 
since demands on more input/output (I/O) interconnects, higher thermal conductivity and 
better electrical functioning. Conventional flip chip interconnects allow 3000 joints/cm
2
 
(110μm pitch) and the International Technology Roadmap for Semiconductors (ITRS) 
predicts 10,000 joints/cm
2
 (95μm pitch) by 2024 (Arden 2002). The I/O connections are 
typically made in a solder reflow process forming self-alignment connections with good 
mechanical and electrical properties between the die and substrate. As a matter of fact, 
solder joints perform at current densities up to 10,000 A/cm
2
 over 18,000 thermal cycles 
for 10 years or more (Ho, Wang et al. 2004; Vandevelde, Gonzalez et al. 2007). 
Considering increasing power demands and decreasing joint dimensions, studies on how 
process parts affect reliability become crucial in recent years. 
Joint reliability depends on several factors including the under bump metallization 
(UBM), type of solder, flux and reflow process conditions. It is well known facts that of a 
good solder joint mechanical adhesion can be only achieved by an intermetallic reaction 
of the UBM with at least one component of solder alloy (Tu and Zeng 2001). UBMs 
containing some thin metallic layers are manufactured on a Si wafer to adhere to solder 
and prevent solder diffusion (Frear, Jang et al. 2001). Ni has been introduced successfully 
into conventional Cr/CrCu/Cu/Au UBM scheme to suppress the growth of the 
intermetallic compounds (IMC) (Korhonen, Su et al. 1999) and recently Ti/Ni(V)/Cu 
UBM become popular due to lower reaction rate with solder (Wang and Duh 2012). 
Conventional solders are typically SnPb and SnAg alloys with different ratios of 




process, surfaces to be joined are treated with flux containing acid to remove oxides and 
other contaminants and promote wetting (Xu, Lei et al. 2008). After a reflow process, 
new solid phases with intermetallic compounds (IMC) would be formed between the 
UBM and solder.  
On the other hand, as global concern about the environment increasing, more and 
more pressure has been brought on flip-chip industry all over the world. Since July 2006, 
the Waste Electrical and Electronic Equipment (WEEE) and the Restriction of Hazardous 
Substances (RoHS) have been working together to curtail the use of lead solder in 
electronics sold in Europe for health issues (Parliament 2003). Moreover, US 
Environmental Protection Agency (EPA) has strict regulation in halide wastewater 
standards to avoid soil salinization (EPA 2009). Accordingly, studies of lead-free solders 
and halide-free flux have become significant issues. Therefore, the present research is 
devoted to the clarification of interaction among lead-free solders, halide-free flux and 
Cu substrates during reflow process in flip-chip manufacturing.  
While the mechanical properties, material and processes associated with flip-chip 
soldering are relatively well-defined (Chan, Zhong et al. 2003; Berthou, Retailleau et al. 
2009; Amalu and Ekere 2012), there are few studies aimed at understanding the 
interaction between flux and solders. Reactions among solder, flux and substrate should 
include spontaneous acid-base, redox, coordination and adsorption reactions(Chung, Lu 
et al. 2005). Before and during the reflow process, acid-base reactions occur with acid 
fluxes and metal oxides 




                                             (1.1) 




Redox reactions may be driven by electroless reactions (e.g. from the addition of 
reducing agents) or electrochemical potentials arising from potential differences between 
solder and UBM in contact with each other.  Furthermore, redox reactions may also drive 
the simultaneous reduction of the more noble metal along with the oxidation of Sn 
(Barteau 1996).                       
                                    yx SnMMSn                                                       (1.2) 
Where M represented more noble metal than Sn, y could be 2 or 4 depends on state of Sn. 
Secondary acid-base and redox reactions in solution are also possible and may 
result in residues at the interfaces to be soldered affecting stability, wetting and 
reliability.(Singler, Meschter et al. 2004) While halide-free fluxes are popular alternatives 
to halogenated fluxes due to environmental concerns, the behavior of the carboxylic acids 
can be relatively more complex. For example, Figure 1-1 shows that oxalic acid is known 
to form Cu oxalate precipitates (Wu and Tsai 2007) and other organic acids may 
decompose at relatively low temperatures resulting in Cu oxide reformation (Yasodhai 
and Govindarajan 2000). Furthermore, the incomplete removal of oxides (or reformation 
of oxides) may prevent gases from escaping the liquid solder and give rise to large voids 
(Yao, Keer et al. 2010). Adsorbates can also prevent reoxidation and deposition reactions 
but may have a negative effect on solder wetting. 
In this work, we focus on the chemistry and kinetics of halide-free fluxes at Cu 
and Sn surfaces. Halide-free fluxes typically include carboxylic acids in aqueous or 
solvent-based carriers with several other additives. In this case, adipic acid, maleic acid 
and acetic acid behavior were investigated using Cu and Sn electrodes along with 200 




behavior of Cu and Sn electrodes is evaluated using voltammetry to quantify both acid-
base and redox kinetics as a function of acid and additive or complexing agent.  
Experiments were conducted under isothermal conditions (100, 140 and 180ºC) as the 
oxide layer was removed. The rest potential shifts were compared with optical images of 
electrode surfaces and correlated with electrode oxide removal and surface analyses to 
provide insight into surface reactions and their kinetics.  
 
Figure 1-1 Potential-pH diagram for Cu-Benzotraizole(HBTA)-water and Cu-oxalic acid-
water system at copper ions activity of 10-6 at 25°C (reprinted from Wu et al. 2007) 
Overview 
The objective of the study is to understand chemical and electrochemical behavior 
of flux components and to correlate chemical and electrochemical techniques with 




Chapter 2 introduces basic backgrounds of this study and gives several possible 
electrochemical techniques could be using to correlate with activity of carboxylic acid 
flux. Since rest potential shift and exchange current density techniques have been using in 
chemical mechanical polishing (CMP) cleans and corrosion studies, it is reasonable to 
consider that they are suitable to apply in the study. 
While similar techniques have been using in CMP studies, Chapter 3 focuses on 
the experimental details of electrochemical behavior of halide-free carboxylic acid flux at 
Cu surfaces. Also, Chapter 3 describes the mechanism of the effect of N-functional group 
in flux chemistry. 
Chapter 4 describes the interaction between Sn-based solder and carboxylic acid 
flux. Under high temperature and low pH, XPS shows carboxylic acid can clean the 













CHAPTER 2 LITERATURE REVIEW 
Joints Reliability 
Solder joint integrity has been considered the main issue of the reliability of flip 
chip in integrated circuit package. Generally, a well-functioned solder joint relies on 
several critical parts such as the under bump metallization (UBM), solder type, solder 
flux and reflow process. Figure 2-1 shows a schematic of cross-sections of solder joints. 
 
Figure 2-1 A schematic diagram of cross-sectioned solder joints 
UBMs consist of thin metal layers constructed on a Si wafer to help solder 
wettability, Si adherence, and solder diffusion hindrance. (Frear, Jang et al. 2001) 
Conventional Cr/CrCu/Cu/Au UBM has been applied in flip chip industry for more than 
35 years by IBM. (Korhonen, Su et al. 1999) In recent years, Ti/Ni/Cu UBM has been 
popular since lower reaction rate with Sn and lack of sputtering magnetic influence. 
(Tung, Teo et al. 2005) By increasing the Cu thickness in the UBM, the Sn-patch growth 
could be controlled.  (Wang and Duh 2012)  
Pb-free solders have been applied for years in electronics for environment 
concern. Of all Pb-free solders, Sn-Ag-Cu is recognized as the most promising candidate. 
Ag addition alloys ranging from 0.5% to 4% plays an important role in Pb-free solder 




improving (Huh, Kim et al. 2001)as well as mechanical properties refining.(Kariya, 
Hosoi et al. 2004) During the reflow, as the solder volume and Ag content increase, the 
ripening growth of Cu6Sn5 grains IMCs at the interfaces is reduced more effectively.(Cho, 
Park et al. 2011) 
Solder joints reliability is also influenced by the thermal profile during the 
production process. Accelerated aging of solder joints may be used to determine material 
properties under excessive heat treatment. (Pan, Chou et al. 2009) Also, geometry, size 
and microstructure should be taken into consideration when thermal reliability of solder 
joints is studied. (Wiese, Roellig et al. 2008) In the copper base material, the influence of 
material change can be separated from thermal recovery by simulations according to the 
finite element method. (Lederer, Khatibi et al. 2012) 
Flux Chemistry 
The primary purpose of a flux is typically to promote the wettability and help the 
formation of intermetallic interface in good solder joints. To achieve the purpose, several 
requirements are fundamentally common to all flux materials including stability and slow 
degradation rate at soldering temperature as well as easily displaced by solder and easily 
removed. (Singler, Meschter et al. 2004) In recent years, halogen-free becomes a new 
requirement owing to environment concerns. (2009)  
The major ingredients in flux are active species, solvents, activators, surfactants, 
viscosity modifiers and tackifiers. (Singler, Meschter et al. 2004) The effective part is 
usually consisted of an acid capable of reacting with the metal oxide to form salt and a 
component capable of stimulating the interaction between the acid and the metal oxide. 




Typical reactions at the metal surface can be complicated including dynamic acid-
base, redox, coordination and adsorption reactions. (Chung, Lu et al. 2005) Acid-base 
reactions occur between acid and metal oxide to form salt and water. Redox reactions are 
usually driven by electroless reactions from reducing agents or electrochemical reactions 
from contact potential from solder and UBM. Activity of acid-base reactions may be 
studied via pKa number or in situ FTIR analysis, (Moharram, Rabie et al. 2002) while 
activity of redox reactions could be monitored by measuring exchange currents in Tafel 
plots.(Kim, Momma et al. 2009)  
Electrochemical techniques in chemical mechanical polishing (CMP) at Cu surfaces 
Chemical mechanical polishing (CMP) has become a popular and widely used 
technique in semiconductor industry. During CMP process, the metal may be exposed to 
flowing slurry and undergoes complicated chemical and physical reactions. The slurry for 
Cu CMP always contains oxidizing agent such as H2O2 and Fe (NO3)3. The corrosion 
potential of Cu shifted towards the anodic direction with the addition of H2O2. (Zeidler, 
Stavreva et al. 1997)  By comparing potentiodynamic polarization curves of Cu measured 
under static or rotation condition, such corrosion potential shift may be observed. (Chen, 
Lin et al. 2004) Figure 2-2 shows the effect of H2O2 concentration on the polarization 
behavior of Cu in 0.0078M citric acid solution. 
The impedance method is also a useful tool when slurry contains organic acid 
which may remove passive films by polishing. Figure 2-3 shows the impedance curves 
shown effects of immersion time and CMP on the Nyquist plot for Cu in 5 w% U-H2O2 
+0.1 W% HBTA slurries mixed with 1 w% oxalic acid. The major axis of the ellipse 




transfer reaction increases with formation of oxide films and precipitates. (Wu and Tsai 
2007) 
 
Figure 2-2 Effect of H2O2 concentration on the potentiodynamic polarization curve of Cu 
in 0.0078M citric acid electrolyte under static conditions. (reprinted from  Chen et al. 
2004) 
 
Figure 2-3 Effects of immersion time and CMP on the Nyquist plot for Cu in 5 w% U-






Electrochemical behavior of Sn (II)/Sn (IV) in organic acid solution 
Sn and its alloys are applied widely in both tinplate and electronic industry. In flip 
chip manufacturing, Sn-contained solder works with flux to provide good wettability 
during reflow process. Reactions occurred at the surface of Sn-contained solder may 
interfere with wettability promoting. Therefore, the electrochemical behavior of Sn 
(II)/Sn (IV) in presence of organic acids has attracted more and more interest recently. 
Figure 2-4 shows a Pourbaix potential-pH diagram of Sn under 25ºC in aqueous 
solution without any organic acid. When pH> 2, neither Sn (II) nor Sn (IV) can be 
sustained in the solution. With organic acid ligands, Sn (II) and Sn (IV) form complexes 
which prevent Sn (II) and Sn (IV) from being precipitated. The cyclic voltammetry of Sn 
electrodes in citrate acid (Figure 2-5) shows the dependence of anodic charge on solution 
pH. When pH>2, Sn (II) and Sn (IV) are still kept in solution, which confirms they form 
complexes with citrate ions. 
 
Figure 2-4 Potential-pH diagram of Sn under 25ºC in water 





                  











                      (2.1)(2.2) 
SnO2 is the main component of a passive film formed on Sn under its anodic 
oxidation in the presence of carboxylate ions. (Seruga, MetikosHukovic et al. 1996) 
Citric acid forms a white solid material in addition to SnO2 in the pH range from 2 to 4 
apart from the soluble Sn (II) complexes.(Tselesh 2008) 
 
Figure 2-5  Potentiodynamic polarization curves of Sn electrode in 0.15 mol dm
–3 
citrate 













Traditionally, oxide-removal kinetics or “activity” is correlated with solder 
wetting rates; however, wetting rate is not an ideal metric to quantify oxide-removal 
kinetics.  For example, Cu surfaces treated with adipic acid have relatively slow wetting 
rates (456 dyn/s at 233°C) but the acid shows relatively fast oxide removal in 
practice.(Singler, Meschter et al. 2004)  Analytical techniques such as weight difference 
and exchange current densities via polarization plots have been used to study other 
dynamic metal reactions including those used in chemical mechanical polishing (CMP) 
cleans and corrosion studies. (Shende and Levec 2000; Tamilmani, Huang et al. 2002; 
Aksu 2005; Gorantla, Goia et al. 2005)As in CMP studies, exchange current densities and 
rest potential shifts may be quantified when oxidizers or passivating agents are added to 
the solution. (Shende and Levec 2000; Tamilmani, Huang et al. 2002; Aksu 2005; 
Doneux and Nichols 2010)In the case of Cu electrodes and carboxylic acid containing 
solutions, oxides are removed via acid-base reactions to reveal a relatively more redox 
active surface.  
Experimental 
Cu electrodes (99.99% pure) were obtained from ESPI Metals and cut into 
rotating disk electrodes of 5 mm length and 5 mm diameter. All reagents and solvents 
used in this work were technical grade and obtained from Sigma Aldrich. 
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Electrochemical experiments were conducted using a VERSASTAT MC Potentiostat 
(PAR) in a custom three-electrode glass cell. Cu or Pt disk electrodes were used as 
working electrodes in a rotating disk system using a PINE CPR rotator along with a Pt 
counter electrode. A custom reference consisting of an Ag/Ag+ wire and 200 molecular 
weight polyethylene glycol (PEG) in a fritted glass probe was also used in 
electrochemical experiments. A CuOx layer with the thickness of approximate 450nm 
thick was formed on Cu disk electrodes by heating at 300 °C for 1 h on a hot plate in air 
(45% relative humidity) as reported in literature. (17) X-ray Photoelectron Spectroscopy 
(XPS) confirmed the bulk film is predominantly Cu (II) oxides; however, Cu (I) oxides 
form near the interface with metallic Cu (less than 80nm). (17) The 450nm oxide film is 
denoted as CuOx in this case. A schematic of the heated cell used for electrochemical 
measurements is shown in Figure 3-1, note that nitrogen is used to purge the cell and 
prevent oxidation of the solvent. 
 
Figure 3-1 Schematic of the experimental equipment used for electrochemical activity 
measurements.  Nitrogen is used to prevent oxidation of the solvent and a custom 





Chronopotentiometry was used to study the behavior of carboxylic acids and 
complexing agents in the CuOx removal process. Adipic acid, maleic acid and acetic acid 
were investigated along with hydrochloric acid for comparison. In initial experiments, 
PEG solutions were heated to the desired temperature and the solution components were 
added in a step-wise manner to determine the effect of each component under zero 
current conditions.  In other experiments, solutions including all components (acids 
and/or complexing agents in PEG) were made and brought to temperature prior to 
experiments. Weight difference of electrodes was measured using Ohaus Pioneer PA214 
scale, with an accuracy of 0.1mg.  
As shown in Figure 3-2, the diprotic carboxylic acids used in this study may exist 
as the free acid, monocarboxylate or bicarboxylate ions.(Doneux and Nichols 2010) 
Products may form soluble species or precipitate depending on local pH. (Tamilmani, 
Huang et al. 2002; Aksu 2005; Wu and Tsai 2007) Solubilities are also influenced by the 





were measured using ultra-violet (UV) absorption in transmission mode at wavelengths 
ranging from 250nm to 400nm (Beckman Coulter, DU 730). Calibration was performed 
by dissolving known concentrations of Cu-complexes in PEG + 0.01 M aqueous 
hydrochloric acid (HCl) solutions.  
Fourier Transform Infrared (FTIR) spectroscopy was carried out in the reflectance 
mode by CuOx samples of approximately 1x1 cm
2
 area. In the FTIR experiments, 
samples were treated with experimental solutions (or components thereof) at 100°C for 






Figure 3-2 Distribution of the diprotic form of (A) adipic acid (B) maleic acid in PEG as 
a function of pH, plotted as the molar fraction αi of free acid, monocarboxylate and 
bicarboxylate ions as a function of pH. 
Result and Discussion 
Voltammetry – Rest Potential Shifts 
Figure 3-3A shows the rest potential shifts at Pt or CuO electrodes as solution 
components were sequentially added into neat PEG at 100ºC. The inert Pt electrode 




that this shift is consistent with the theoretical of prediction of 325mV accounting for the 
added acid concentration. After approximately 200s, the Pt electrode approaches a new 
steady state open circuit potential. If the Pt electrode is replaced with a Cu/CuO electrode 
and the same concentration of HCl is added to the PEG, the rest potential shifts anodic in 
roughly the same manner as observed with Pt electrodes; however, there is a slow 
cathodic shift of 390mV associated with the removal of the oxide film. The potential 
again reaches a quasi-steady state depending on experimental conditions. Oxide removal 
is apparent from weight loss measurements and optical inspections of the surfaces as 
shown in the inset images. If the HCl dosing is replaced with 0.01M maleic acid (Figure 
3-3B) the same anodic shift associated with pH change is followed by a more gradual 
cathodic shift associated with a slower oxide removal process. For comparison, 0.01 M 
hydrochloric acid requires ~150s to remove 450nm of CuO at 100ºC, and 0.5 M adipic 
acid in PEG requires ~2400 s at the same temperature and rotation rate. If a complex 
agent such as ethanolamine or benzylamine (Figure 3-3C) is added to the neat PEG, a 
cathodic shift is first observed associated with the basicity of the complexing agent; 
however, the removal rates of complexing agents alone are quite slow  (<1nm/s). As with 
the acid, oxide dissolution with the complexing agent alone is quite slow.  For example, 1 
M ethanolamine or benzylamine in PEG (without the acid) requires from 200s to 600s, to 
remove 450nm CuO. 
Carboxylic Acid CuO Removal Kinetics via Rest Potential Shifts 
The combination of carboxylic acids with complexing agents significantly 
increases Cu oxide removal rates. Figure 3-4 shows the rest potential shifts associated 




ethanolamine at 140ºC. In these examples, the abrupt shifts associated with pH change 
seen in Figure 3-3 are absent (the solution is complete prior to the experiment) and the 
gradual cathodic shifts associated with oxide dissolution remain. The cathodic shifts 
associated with 1M ethanolamine and 0.5M maleic acid in PEG show removal rates 
increases by approximately five fold over the acid alone at 140°C which, remarkably, 
approaches the removal rate of a 0.1M HCl/PEG reference solution (60nm/s) at this 
temperature.  
 
Figure 3-3 Rest potential shifts of step-wise additions for (A) Pt (dashed line) and CuOx 
(solid line) electrodes when 0.01 M HCl is added to PEG; (B) CuOx electrode when 0.01 
M maleic acid is added to PEG; (C) CuOx electrodes when 1M ethanolamine (solid line) 







Figure 3-4 CuOx rest potential shifts in complete solutions (A) PEG with 0.5 M maleic 
acid and (B) PEG with 0.5 M maleic acid and 1 M ethanolamine at 140°C, 1200 rpm. 
As shown in these plots, removal rates may be correlated with rest potential shifts. 
The rest potentials typically show an increase over the initial 10-20s after immersion 
associated with electrode heating, followed by a gradual cathodic shift (20-200s), and 
slowly approach a new steady state. Shiny metallic electrodes are revealed when the 
potential transitions from the cathodic slope to the new quasi-steady state rest potential.  
In this case, the transition time was determined using the maxima in the derivative of rest 
potential versus time.  
Rest potential shifts rates are plotted versus oxide removal rates for six carboxylic 
acid based solutions at 100ºC, 140ºC, 180°C and 1200 rpm in Figure 3.5. Oxide removal 
rates were determined using weight measurements before and after each experiment and 
an estimated CuO density of 6.3 g/cm
3
. (Miley 1937) At 100°C (Figure 3-5A), both 0.5 
M adipic acid + ethanolamine and 0.5 M maleic acid + ethanolamine solutions show 
comparable and relatively high oxide-removal activity, removing 450 nm thick CuO from 
the surface within 160 and 175s, respectively.  At 140°C (Figure 3-5B) and 180 °C 
(Figure 3-5C), the adipic acid solution shows relatively higher activity than the maleic 





Figure 3-5 Rest potential shifts correlated with CuOx removal rates obtained using 
weight loss measurements for 6 complete solutions comparing with 0.01M HCl at 1200 
rpm rotation and temperatures of A. 100°C, B. 140°C and C. 180°C. 
Figure 3-6 indicates adipic acid may become relatively more active or “activate” 
at higher temperatures relative to maleic acid. It is important to note adipic acid is 
thermally stable at higher temperatures with a boiling temperature of 330ºC(Singler, 
Meschter et al. 2004) while maleic acid decomposes at 180ºC(Shende and Levec 2000). It 
is possible for the acid to evaporate before its boiling/decomposition point which may 





Figure 3-6 Rest potential shifts and CuOx removal rates as a function of temperature for 
0.1M adipic acid and 0.1M maleic acid solutions at 1200 rpm. 
The nature of the 5-10x enhancements in removal rates when acids are combined 
with complexing agent may be related to the removal of Cu carboxylates at the interface 
between the carboxylic acid containing solution and Cu or CuO surfaces. In this case, we 
used FTIR spectroscopy to identify adsorbates and salts remaining on the surface after 
reaction and heat cycling. Figure 3-7A shows the IR spectra recorded from CuO surfaces 
after reacting with an adipic acid + ethanolamine and adipic-acid only solution.  
As seen in the spectra from the adipic acid-only sample, Cu adipate salts are 




 asymmetric stretching), 1453 cm
-1 




 symmetric stretching) and 2950 cm
-1
 (-CH- 
stretching). The absorption peaks are similar to those previous observed for other adipate 
salts; (Doneux and Nichols 2010) and the characteristic carbonyl group (C=O) stretching 
of the free adipic acid  near 1712 cm
-1
 is not observed .  If ethanolamine is added to the 




observed; however, there is no evidence of adipate salts. Ethanolamine peaks are given as:  
3440 cm
-1
 (-NH- stretching), 3350 cm
-1
 (-OH- stretching), 2870 cm
-1
 (-CH- stretching), 
1650 cm
-1
 (-NH- bending), and 1395 cm
-1
 (-CH- scissoring and bending). Peaks at 1450 
cm
-1
 (-CH- scissoring and bending) and 2865 cm
-1
 (-CH- stretching) originate from the 
PEG solution. FTIR results also suggest ethanolamine adsorbs on metallic Cu surfaces 
but not on CuOx. The characteristic peak near 3440 cm
-1 
(-NH- stretch) can be observed 
on metallic Cu only when both Cu and CuOx are treated in ethanolamine-only solutions.  
 
 
Figure 3-7 FTIR spectra obtained from CuOx sample treated with 0.5 M adipic acid in 
PEG solution with (solid) or without (dashed) 1M ethanolamine for 300s at 140°C. 
These results suggest the formation of organic salts may limit oxide removal rates 
and the dramatic increase in removal rates associated with complexing agents is 
associated with more soluble reaction products. It is interesting to note that the removal 
rates were not a strong function of spin speeds (60-1200 RPM) which may be due to very 




combination of ethanolamine with either adipic or maleic acid increases Cu
2+
 solubility 
by an order of magnitude over the solubility in PEG compared to either component alone.  
 
Figure 3-8 Solubility of Cu2+ (using CuO solid sources) in PEG, maleic acid, adipic acid 
and ethanolamine at 100°C, 140°C, 180°C. 
Figure 3-9 shows a conceptual schematic describing how Cu carboxylates and 
Cu
2+
-amine complexes may interact in practice. In Figure 3-9A (without complexing 
agents), carboxylate salts are formed at the surface and limit the removal rate of 
underlying CuOx due to their relatively low solubility and slow dissolution.  In Figure 3-




nonaqueous solution) may be protonated from the free acid forming R-NH3
+
.  These 
species may react with carboxylate salts to form high solubility Cu
2+
-amine complexes 
while also regenerating carboxylic acids (HA
-
) to the solution. The Cu
2+
 is bound 
relatively strongly with -(-NH2) ligands ((Ramakrishnan, Janjam et al. 2007) which are 
stable and highly soluble in these nonaqueous solutions, also the local pH near the 
surface is maintained.  
 
 
Figure 3-9 Conceptual schematic representations showing (A) formation of Cu 
carboxylate salts at the active interface (B) the effect of proton-donating complexing 





The dual effect of acid regeneration and complexing Cu
2+
 appears to increase the 
CuOx dissolution rates more than 10x fold relative to the solutions without the complexes. 
Similar experiments using other complexes which are not effective proton donors under 
these conditions such as benzene triazole (BTA) appear to hinder CuOx removal. 
Likewise, the complexing behavior of other proton-donating complexes including thiols 
(such as 2, 5-dimethylfuran-3-thiol) show similar behavior to the ethanolamine 
complexes in adipic and maleic acid solutions; however, the solubility is lower than 
comparable amino-functional complexes. Complexes which are good protons acceptors at 
low pH and deprotonate near neutral pH appear to significantly improve the CuOx-
removal action of carboxylic acids in nonaqueous solvents such as PEG. 
Conclusion 
The electrochemical methods described here provide a convenient method to 
quantify CuOx-removal kinetics in nonaqueous solutions. Dynamic rest potential shifts 
observed at CuOx electrodes give insight into flux activity as functions of carboxylic acid 
type, complexing agent, and temperature. The combination of carboxylic acids with 
complexing agents shows remarkable increases in CuOx removal rates in nonaqueous 
solutions equivalent to acidic halides at elevated temperatures (>100°C). In addition to 
forming highly soluble Cu
2+
 (R-NH2), complexes, amino-functional complexing agents 
may also act as proton shuttles allowing the removal of Cu salts and regeneration 
carboxylic acids near the surface.  
Given a specific carrier (solvent) and complex, the relative CuOx removal activity 
in reflow conditions is a strong function of the carboxylic acid. As an example from this 




than those of maleic acid solutions at 180°C; however, the case was reversed at 140°C 
likely due to the relatively low decomposition temperature for maleic acid and 
reformation of Cu oxides. Ultimately, these chronopotentiometric methods using CuOx 
electrodes provide useful insights into oxide removal behavior in nonaqueous solutions 
and demonstrate an alternative to solder wetting rates as a metric or quantify flux activity.  
In practice, similar methods may be more broadly applied to other solder-flux systems to 
study reaction behaviors of various acids, complexing agents, and carriers including 




























CHAPTER 4 ACTIVITY OF HALIDE-FREE CARBOXYLIC ACID FLUXES AT 
SN SURFACES 
Introduction 
A good solder joint mechanical adhesion can be only achieved by an intermetallic 
reaction of the under bump metallization (UBM) with at least one component of solder 
alloy (Tu and Zeng 2001). Mostly, UBM stacks consist of Cu pads coated with adhesion 
layers (Cr), diffusion barriers (Au) and sometimes capped with a metal like Ni for 
soldering(Wang and Duh 2012). Conventional solders are typically on the base of Sn 
alloys with different ratios of individual elements like Ag and Cu (Drapala, Kozelkova et 
al. 2009). After a reflow process, new solid phases with intermetallic compounds (IMC) 
would be formed between the UBM and solder. The role of flux is to remove oxides and 
other contaminants from the substrates and to prevent the reoxidation of the substrates 
and solder during reflow(Singler, Meschter et al. 2004). Although the other material and 
processes associated with flip-chip soldering are relatively well-defined (Chan, Zhong et 
al. 2003; Berthou, Retailleau et al. 2009; Amalu and Ekere 2012), the interactions 
between flux and solders remain poorly understood..  
Thermodynamically, Sn (II) and Sn (IV) can form different kinds of complexes 
with carboxylic acid under different pH value. (Gutierrez, Perezconde et al. 1985) 
Equilibrium coefficients of aqueous Sn (II) and Sn (IV) citrate complexes are well 
defined.(Gutierrez, Perezconde et al. 1985) (Jarosz and Sinicki 1981) In nonaqueous 
circumstances, equilibrium coefficients between complexes are undetermined in literature.  
In this work, the electrochemistry of carboxylic acid containing solutions with Sn-
based solders was considered. Adipic acid, maleic acid and diglycolic acid were 




between Sn (II) and Sn (IV) carboxylate complexes were obtained using 
chronopotentiometry and pH meter.  Hydrochloride acid was used here for comparison 
purpose. X-ray photoelectron spectroscopy (XPS) was performed to confirm surface 
compositions. Potential-pH diagrams of Sn-adipic-PEG and Sn-maleic-PEG were 
constructed and presented. 
Experimental 
Sn and Pt electrodes (99.99% pure) were obtained from ESPI Metals and cut into 
rotating disk electrodes of 5 mm length and 5 mm diameter. All reagents and solvents 
used in this work were technical grade and obtained from Sigma Aldrich. 
Electrochemical experiments were conducted using a VERSASTAT MC Potentiostat 
(PAR) in a custom three-electrode glass cell. Sn disk electrodes were used as working 
electrodes in a rotating disk system using a PINE CPR rotator along with a Pt counter 
electrode. A custom reference consisting of an Ag/Ag
+
 wire and 200 molecular weight 
polyethylene glycol (PEG) in a fritted glass probe was also used in electrochemical 
experiments. Sn electrodes were exposed in the air to form a SnO2 layer spontaneously, 
(Seruga, MetikosHukovic et al. 1996)which was confirmed by XPS. 
Chronopotentiometry was used to study the behavior of carboxylic acids and 
complexing agents in the SnO2 removal process and equilibrium coefficients 
determination.  Adipic acid, maleic acid and diglycolic acid were investigated using 
Sn/SnO2, Sn/Cu, Sn/Ag/Cu electrodes. 
XPS was carried out by Sn/SnO2 samples of approximately 1x1 cm
2
 area. In the 
XPS experiments, samples were treated with experimental solutions (or components 




atmosphere before XPS analysis. XPS was performed on Sn/SnO2 surfaces to determine 
if SnO2 was removed by the applied acid. 
Result and Discussion 
Figure 4-1A shows cyclic voltammetry curves of Sn in saturated aqueous Sn (II) 
acetate solution with 40% PEG + 0.5 M maleic acid (pH~3.1) at 25°C under the influence 
of repetitive cycling (3 cycles). The curves were swept between -3.0 and 1.0 V (vs. 
Ag/Ag+) at scan rate of 100 mV/s. The cathodic current in the first cycle matching to 
hydrogen reaction decreases progressively and changes its sign at zero current potential (-
0.4V). Then a well-defined anodic peak (A1) follows by a passive region, which extends 
up to 1.0 V with almost constant current density with no oxygen reaction. When scanning 
back in the negative direction, the reverse scan exhibits 2 small cathodic peaks (C1 and 
C2) before the potential representing hydrogen reaction appearance. It can be inferred 
that Sn (II) acetate dissolves and immediately oxidizes to more stable Sn
4+
 in aqueous 
solution. Furthermore, Sn
4+
 undergoes hydrolysis due to relatively high pH condition. All 
reactions are shown as below, 












                      (4.1)(4.2) 
Sn (OH) 4 dehydrates and forms a passivating film on the electrode, which causes 
inactivation of electrode surface.(Abd El Rehim, Hassan et al. 2004) When the surface is 
fully covered, anodic peak (A1) could become very small with low current density. 
                   OHxOxHSnOOHSn 2224 2)(                       (4.3) 
Figure 4-1A also shows heights of peak (A1) decreases and peak potential shifts 




These results may attribute to the change in pH at the electrode/solution interface caused 
by hydrogen reaction at high negative potential. With pH increasing at the electrode 
surface, the precipitation of SnO2 increases on the electrode surface during the following 
anodic half cycle. By comparing with Figure 4-1B, the 2 small peaks (C1 and C2) 
appears in the reverse scan suggests the presence of Sn (II)/Sn (IV)-maleate complex in 
the solution. 
 
Figure 4-1 Effect of repetitive cycling upon voltammograms of tin in saturated aqueous 
Sn (II) acetate solution with 40% PEG + 0.5 M maleic acid (by Vol.)  at 25 °C between -





For further understanding of the interaction between Sn-contained solder and 
carboxylic acid flux, equilibrium coefficients between Sn(II)-carboxylate complexes has 
been measured. Figure 4-2 shows calibration of the potential of the couple Sn/Sn (II) 
according to the concentration of Sn (II) maleate complexing under a constant 
concentration of Sn (II) initially (0.0054 M in PEG). When pH changes with 
concentration of Sn-complexes, the potential gives a clear indicator when domain 
complex alters. Using Equation (4.4), 
                      (4.4) 
equilibrium coefficients, k1, k2, k3 can be determined by measuring the potential between 
Sn metal and reference electrodes. (Jarosz and Sinicki 1981)  
 
Figure 4-2 Variation of the potential of the couple Sn/Sn(II) according to the 





Table 1 shows the pKa numbers of equilibrium between Sn (II) carboxylate 
complexes. From pH=2 to pH=5, Sn
2+
-adipate complex dominates in the solution instead 
of Sn-adipate salt. It gives a basis for carboxylic acid concentration in non-aqueous flux.  
Table 1 pKa number for Sn (II) carboxylate complexes 
Carboxylic Acid pKa1 pKa2 
Citric acid 5.06 6.39 
Adipic acid 7.80 - 
Maleic acid 11.59 - 
 
Adipic acid (C6H10O4 or H2A) is a dibasic acid with pKa value 7.80 in PEG and is 
often added to soldering flux because of its high degradation point and good oxide 
removal rate. It may be seen that only Sn (II) forms complexes with adipic acid. Figure 4-
3A shows the E-pH plot for a nonaqueous system with a dissolved Sn activity of 10
-3
 and 
total adipate species activity of 0.1. The presence of adipate in nonaqueous systems 
reduces the stability region of the SnO2. The cationic complexes are predominant in the 
pH range of 2 to 7 and the salts are stable in the pH range of 7-12.  
The doubly charged cationic Sn (HA)2
2+
 complex occupies in the pH range of 
0~3.6. It is estimated using activity of Sn initial and Faraday constant (dashed line). The 
figure also shows the redox potentials of the adipic acid system which obtains from single 
voltammetry of the same solution.(Tselesh 2008; Bichara, Bimbi et al. 2012) It is clear 
that the redox potential of the adipic acid system becomes more negative comparing with 
Sn (II)/Sn (IV) in water (blue line). However the negative shift in redox potential results 
in transitioning the system to a different stability region. Figure 4-3B shows the E-pH 




system or without the carboxylic acid, which suggests carboxylic acid may be useful at 
the interface of Sn-contained solder and flux. Experimental results may provide a 
beneficial reference for soldering flux preparation. 
 
Figure 4-3 Potential-pH diagrams of Sn- A. adipic acid B. maleic acid -PEG system. 
Dashed line is estimated value. 
XPS has been used to identify the surface interaction between Sn/SnO2 and 




proper pH range, carboxylic acid may remove SnO2 layer. The result has been confirmed 
by XPS shown in Figure 4-4 and Figure 4-5.  
 
Figure 4-4 XPS results for Sn/SnO2 surface treated with HCl/adipic acid (180ºC) 
 






Sn metal and SnO2 spectra has 2eV different between each other. SnO2 sample 
treated with 0.5M HCl shows the same spectra with Sn metal sample, which indicates 
HCl can remove SnO2 layer at the surface to expose Sn metal; however, SnO2 treated 
with adipic acid does not show such identical peaks since pH of 0.5M adipic acid is 
around 4.5 and the surface is still covered by SnO2. When pH rises to 1.19 and 2.5 using 
high concentration of maleic acid, it shows the same spectra with Sn metal, which 
suggests pH is the key in SnO2 layer removal. 
Figure 4-6 shows Sn/SnO2 samples treated with diglycolic acid at 180°C. 
Diglycolic acid has a pH equals 3.20; however, the spectra shows the same peaks as SnO2 
surface, which suggests the pH is still too high to remove the oxide layer. For Sn/SnO2 
solder, it requires at least pH 2.5 in flux solution to remove the SnO2 layer. 
 
Figure 4-6 XPS results for Sn/SnO2 surface treated with diglycolic acid (180ºC) 
To determine if other components in Sn-contained solder counts in the interaction 
with flux, XPS has also been applied on Sn/Cu and Sn/Ag/Cu samples to identify surface 
residue. Figure 4-7 and Figure 4-8 shows the spectra of alloy samples treated with maleic 




shown in Figure 4-6. Only maleic acid can reach high pH such as HCl which can remove 
the SnO2 layers. 
 











This study has investigated the effects of different carboxylic acid components in 
the interaction with Sn-contained solder. Cyclic voltammetry shows Sn (II) and Sn (IV) 
are unstable in aqueous system without carboxylate radical. Equilibrium coefficients and 
potential-pH diagrams of Sn-adipic-PEG and Sn-maleic-PEG systems are measured and 
presented to give a clearer reference for choosing proper soldering flux. The XPS results 
reveal that only maleic acid could efficiently remove SnO2 layer as well as HCl in 
nonaqueous PEG systems. Additionally, Sn/Ag/Cu and Sn/Cu alloy solders have the 
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